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-A STUDY OF SAND-CLAY-GRAVEL MATE- 
RIALS FOR BASE-COURSE CONSTRUCTION 


BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 


Reported by C. A. CARPENTER, Associate Civil Engineer, and E. A. WILLIS, Associate Highway Engineer 


HE RESULTS of an investigation of sand-clay 

materials for base-course construction were re- 
ported in the November 1938 issue of Pusric Roaps. 
A similar investigation of sand-clay-gravel materials 
for base courses has recently been concluded and the 
results of these tests are presented in this report. 

Insofar as possible, the same general procedure was 
followed in making this study as was used in investi- 
gating the sand-clay materials. ‘Two series, or a total 
of 11 mixtures, were prepared using water-worn Poto- 
mac River gravel, Potomac River sand, pulverized 
silica, and a red-clay soil from the same local source 
as that previously used. 

The purpose of the study was to determine the effect 
of variations in plasticity index and aggregate grading 
on the stability and general serviceability of sand-clay- 
gravel materials when used as base courses for bitu- 
minous wearing surfaces. Such characteristics of the 
base-course mixtures as were known to have a direct 
bearing on their stability were investigated in con- 
junction with traffic tests in the circular track. These 
factors included compactibility, resistance to infiltra- 
tion of water, and resistance to softening and loss of 
stability when exposed to the action of capillary water 
in conjunction with traffic. 

To enable determination of the effect of variations in 
plasticity index, the five mixtures of series 1 were so 
designed that the fractions passing the No. 10 sieve were 
essentially the same as the five sand-clay materials used 
in series 1 of the previous tests. The plasticity indexes 
of the fractions passing the No. 40 sieve ranged from 0 to 
16. The material retained on the No. 10 sieve was 
intended to have the same grading for all five mixtures, 
but mechanical analyses of samples from the track 
sections showed that there were minor variations in 
grading from section to section. 

In order to determine the effect of variations in grad- 
ing, the six mixtures of series 2 were designed to have a 
wide range of gradings and, with the exception of 
section 1, plasticity indexes of approximately 8. 








Section 1 was designed to have a plasticity index of 0. 

The gradings and soil constants of the 11 materials 
used in the sand-clay-gravel studies are shown in 
table 1. 

As in the studies of sand-clay mixtures, the indoor 
circular track was used to evaluate the serviceability 
of the various mixtures when used as base courses for a 
bituminous surface treatment and subjected to traffic 
under severe moisture conditions. 


MIXTURES TESTED IN CIRCULAR TRACK 


For the traffic tests on the materials of series 1, the 
track was divided into five, 7.5-foot sections, one for 
each of the five test mixtures, so that the traffic test 
could be made simultaneously on all five. The mate- 
rials of series 2 were also tested as a group comprising 
six, 6.3-foot test sections. All the test sections were ap- 
proximately 6 inches in depth when compacted and 
were laid over a porous, crushed-stone sub-base through 
which water introduced from below could pass. They 
were covered, after compaction, with a thin bituminous 
surface treatment, the purpose of which was to afford 
protection from the abrasive action of the test traffic 
and thus confine the test to a determination of the 
single factor of stability, or resistance to internal move- 
ment under traffic with the water table at various ele- 
vations in the base course. 

The materials for each section of series 1 were 
prepared for laying by first thoroughly mixing the 
constituent aggregate fractions together dry and then 
adding sufficient water to bring the moisture content of 
the mortar portion, or material passing the No. 10 sieve, 
to its optimum moisture content as previously deter- 
mined by Proctor tests on the sand-clay fractions. 
Because of this use of the fine fractions only as a basis 
for determining the moisture contents for consolidation, 
the mixtures proved to be somewhat deficient in mois- 
ture for maximum compaction in the track. 

In order that there should be no such deficiency of 
moisture in series 2, it was necessary to devise a method 


TABLE 1.—Gradings and soil constants of sand-clay-gravel base-course materials 





Series 1 


Section 1} Section 2} Section 3 | Section 4 | Section 5} Section 1} Section 2} Section 3 


Series 2 


Section 4 | Section 5] Section 6 














Grading: Percen Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent 
Passing I-inichisioveues: seca ae re ae ee ee aoa 100. 0 100.0 100. 0 100. 0 100. 0 100. 100. 100. 100.0 100. 0 100. 0 
Passing 34-inch sieve.____-------------- E 93. 4 93. 2 89. 2 93.8 90. 3 88. 1 98. 5 79. 4 97.5 87.1 93.9 
Passing 36-inch sieve-- 81.3 76.7 74.0 82.8 73. 2 70.6 89.3 58.9 90. 2 70.7 83.3 
Passing No. 4 sieve--- 68. 2 62.5 61.6 67.3 60. 8 58.5 83.9 41.9 82.5 56. 4 75. 6 
Passing No. 10 sieve -- , 53.5 47.9 47.9 50.3 47.0 42.3 65.0 31.9 41.9 38.0 66. 1 
PassingNo. 20:'Sieves eee ee eee 44.2 40.3 40.3 43.9 39.5 35. 5 58. 4 27.3 37.0 32: 5 57.2 
massing No. 40'slevies o: sas see oe ee eee ese 34.0 31.0 31.0 34. 4 30.3 25.9 48.5 19.8 30. 5 24. 0 41.4 
Passing No. 100 sieve-_-__-.._-.--- S20 he Veen 20.7 18.1 18.9 19.9 18.8 2.6 26.0 14.4 22.9 16.9 28. 5 
Passing No. 200 Sioves. 9s) = Se eee enon 16.9 15.1 16.0 16.7 16. 1 1,2 24. 6 12.4 22. 1 16. 2 27.5 
Passing 0,006 DUM sao: 2s cee eee ees 5.1 6.4 7.8 8.7 10.5 0 10.9 4.9 8.0 5.8 10.3 
Passing O00 limi sree 2 See eae ee ee 2.0 3.0 5.0 6.0 9.0 0 7.0 3.0 5.0 4.0 7.0 

BDUIAIEDO iO Wee eee eons ack os aaa sae eee net ee oe eae 50 49 52 49 53 5 51 63 72 67 66 

Tests on material passing No. 40 sieve: , 
PAGING ees nee Re ee epee on 15 20 24 26 31 15 24 24 23 22 23 
PIRStICILY Index. 2-Sec2 2. ooo. - se eee eames 0 5 9 11 16 0 9 8 7 6 vi 





ing No. 200 sieve 
Derr enter oer eee Dasenne Dio. Sete |: 


percentage passing No. 40sieve 
129346—39——1 
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that would take into account the coarse aggregate 
fraction. Since it was considered impractical to make 
the Proctor tests on materials containing 1-inch maxi- 
mum-size stone, the moisture contents for the sections 
in series 2 were determined by vibratory compaction 
tests made on the dry aggregates, the volume of water 
used being that computed to be just sufficient to fill the 
voids in the vibrator-compacted aggregate. These 
moisture contents proved to be essentially correct for 
constructing the test sections since they did not render 
the material too wet to handle and yet were high enough 
to allow some drying during compaction operations 
without lowermg the moisture content below the 
optimum. 

The designed moisture contents and the actual mois- 
ture contents of samples from the uncompacted test 
sections immediately after laying are given in table 2. 
The required amounts of water were added_ to the 
aggregate mixtures on the basis of their air-dried weight 
whereas the actual moisture contents after laying were 
determined by oven drying. This accounts for the 
apparent increases shown for the more plastic sections 
of series 1 and the sections of series 2 having the higher 
soil-mortar contents. 














TABLE 2.— Designed moisture contents and actual moisture contents 
of track sections 
Moisture content } 
Designed by | Designed to | Immediately 
Proctor test fill voids after laying 
SERIES 1 Percent Percent Percent 
Sections tee ese es 4 Dees ee ees 4.3 
ERE | ae — ae ee ayer 4.8) | oe ee eee 4.4 
Coie ae ee eee dots ae Aue a ee ee 4.9 
Aen ee eS te ee Senos Bre OhAS Lo sae we oe 5.5 
oa eee eee Se ne nae eee DMO Se See ee 6.5 
SERIES 2 
Sechion hl sess 22) eee eee ee eee amen ee eee eee 10.0 10.7 
Daa A eet ee ee Sen oo ee eae = 7.4 8.4 
fs Poems LS Ba eg ee es ee ap ei eee eae pe 5.9 6, 2 
Bi Laas ee ee en ee ae Scere ae oes 6.6 6.9 
i Se gnc ee oe Oe Dl eee eee 6.0 5.6 
Gee SE ne See ee Lass eee % 6.5 wae 











! Based on dry weight. 


The procedure for preparing the materials and con- 
structing the test sections was as follows: 

1. The moistened sand-clay-gravel materials were 
thoroughly mixed to distribute the water uniformly 
and were then placed in the track in two approximately 
equal layers, each layer being compacted with pneu- 
matic-tired traffic uniformly distributed over the sur- 
face. 

2. Compaction was continued on the top layer until 
no perceptible subsidence could be produced in any 
section by additional wheel-trips. This required 30,000 
wheel-trips for series 1! and 42,000 wheel-trips for 
series 2. 

The sections were sprinkled with water to soften 
the surface slightly and were trimmed smooth with a 
blade. 

4. After drying for a few days the surface was primed 
W Ms light tar. 

As soon as the prime had been absorbed and had 
eae sufficiently to be fairly dry, a %-inch surface 
treatment consisting of 0.4 gallon per square yard of 
hot-application bituminous material and 50 pounds of 
cover stone was constructed, 


1 Introduction of water and application of a small amount of test traffic on the 
sections of series 1 later proved that thorough compaction had not been obtained. 





6. The surface treatment was consolidated by apply- 


ing distributed traffic. 


ADDITIONAL COMPACTION NECESSARY FOR THREE SECTIONS 
OF SERIES 1 


Consolidation of the base and surface treatment ap- 
peared to be completed in series 1 after a total of 50,000 
wheel-trips, and water was then admitted to the sub- 
base and maintained at a height of % inch above the 
bottom of the base course being tested. After only 300 
wheel-trips of distributed test traffic, sections 2, 3, and 
4 began to move and displace so badly that traffic had 
to be discontinued. The loss of stability resulting 
from the introduction of water was accompanied by 
marked subsidence over the entire area of these three 
sections. Section 1, which was nonplastic, also showed 
marked subsidence although it remained highly stable. 
Tests showed that with the exception of section 5, 
which had a decrease in moisture of 1.5 percent, the 

materials had absorbed from 3 to 3.6 percent of mois- 
ture in addition to that contained at the time they were 
laid (see table 3). This absorption of moisture, to- 
gether with the subsidence of the surface, definitely in- 
dicated that the moisture contents used for construc- 
tion in sections 1, 2, 3, and 4 were too low to permit 
maximum compaction. 

In an attempt to complete the compaction without 
reworking the materials in the weak sections, 7,700 
wheel-trips of additional distributed traffic were ap- 
plied. This additional traffic resulted in the complete 
failure of the surface treatments on sections 2, 3, and 4. 


TaBLEe 3—Moisture contents of the track sections at various stages 
of the investigation 





Moisture content expressed as a percentage of the dry weight 
of the aggregate 























Series 1 
When At 50,300 | At 58,000 At 75,000 | At 425,000 
laid wheel-trips } wheel-trips | wheel-trips | wheel-trips 
Percent Percent Percent Percent Percent 
SOChlOny aaa meee 4. cil eee = =e | ea cueeeeead DAS 
2 = eae sh 4.4 8.0 6.7 4.6 4.9 
Oi eee ees 4.9 8. 4 6.8 4.7 5. 1 
4S Sa Pe 5.6 8.9 7.0 5.9 5.5 
[rapes = te Ve as 6.5 B), Oit | eee ee, |e ee 6.6 
Moisture content expressed as a 
percentage of the dry weight of 
the aggregate 
Series 2 
When | At 145,000} At 330,000 
laid wheel-trips | wheel-trips 
Percent Percent Percent 
SOCtlon ll Seen eee Seek 2 ee ee eee 10.7 6.2 6.9 
Did es SAS Sy Reg SE are nS eas ee A he 8.4 6.6 6.9 
bie hain oe a Bh hed Ben OL Ae Mee aetna d Oe ee 6.2 329 4.0 
ARE Veh SE eS re eer.) as aes Wen a) 6.9 4.9 4.9 
EVES Soke US oe See es I er eee 5.6 4.5 4.1 
ihe Fah ae FR tet ne Se he ee ee yn Gaz 5.8 6.2 








Samples for moisture content and density determina- 
tions were taken and the surface treatment was re- 
moved to facilitate drying in conjunction with sub- 
sequent compacting operations. At this time the 
moisture contents of these three sections were approxi- 
mately 2 percent higher than when they were originally 
constructed (see table 3). The condition of sections 2, 

3, and 4 just prior to removal of the surface treatment 1 is 
well illustrated by the photograph of section 3 shown in 
figure 1, 

“After removal of the surface treatment from sections 

2,3, and 4, 17,000 wheel-trips of additional compacting 
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traffic were applied in small daily increments, bringing 
the total to 75,000 wheel-trips. During this time the 
moisture contents of the three sections decreased to ap- 
proximately those at which the sections were originally 
laid. A new surface treatment was then constructed 
and compacted with 25,000 wheel-trips of distributed 
traffic, brimging the total to 100,000 wheel-trips. 

The behavior of the five sections under the regular 
traffic test from 100,000 to 425,000 wheel-trips will be 
discussed fully later. At this point the behavior of 
sections 2, 3, and 4 after recompaction, will be discussed 
in comparison with their above described earlier 
behavior when not fully compacted. 

During the traffic test the water level was gradually 
raised until a height of 4% inches above the top of the 
sub-base was reached at 370,000 wheel-trips and this 
water elevation was maintained to a total of 425,000 
wheel-trips. Under these extreme conditions sections 2 
and 3, because of their increased density, absorbed only 
0.3 and 0.4 percent more moisture than they had contained 
at 75,000 wheel-trips and section 4 actually showed a loss 
of 0.4 percent moisture. All three sections were quite 
stable throughout the test in marked contrast to their 
behavior from 50,000 to 50,300 wheel-trips when each 
absorbed approximately 3 percent of water and became 
highly unstable because of insufficient compaction. 

No difficulties such as those encountered in connection 
with series 1 were encountered during the compaction of 
the materials of series 2 because, as previously stated, 
the original moisture contents were high enough to 
allow for appreciable drying during compaction. Thus 
compaction was able to proceed to the maximum 
density obtainable under traffic before the moisture 
content passed below the optimum. 


ONLY ONE SECTION OF SERIES 1 FAILED DURING TRAFFIC TEST 


Table 4 shows the procedure followed in testing the 
track sections in series 1 with notations on the behavior 
of each section during the test. Table 5 gives similar 
information for series 2. 

Series 1.—After all construction and compaction 
operations had been completed at 100,000 wheel- 
trips, water was introduced into the sub-base and set 
at an elevation of % inch above the bottom of the test 
base course. Distributed traffic was applied to a total 
of 183,000 wheel-trips and then, without changing the 
water elevation, concentrated traffic was applied to 
256,000 wheel-trips, making a net total of 156,000 
wheel-trips of test traffic. Section 5 became unstable 
and was rated as having failed at 150,000 wheel-trips 
(50,000 wheel-trips of test traffic). Figure 2, left, shows 
the appearance of section 5 at 150,000 wheel-trips when 
its failure was recorded. On the right is shown the 
same section at 233,000 wheel-trips when measurements 
of its surface displacement were discontinued. ‘The 
other four sections in the series, although showing 
some movement under traffic and slight cracking in 
section 4, were in good condition at 256,000 wheel-trips 
which marked the conclusion of that phase of the test 
in which the water was held at the 44-inch level. 

As shown in table 4, the test with concentrated 
traffic was then continued with the moisture condi- 
tions being made progressively less favorable until the 
water level had reached an elevation of 4% inches and 
a total of 425,000 wheel-trips had been applied. Sec- 
tions 1, 2, and 3 remained in good condition. Section 4, 
although exhibiting a high degree of resistance to 
softening, considering the severity of the test, developed 











Figure 1.—APPEARANCE OF SECTION 3 OF SERIES 1 AFTER 
58,000 WupxEL-TrRipvs or TRAFFIC. 


sufficient rutting and cracking to require its classifica- 
tion as a doubtful or border-line material. 

Measurements of average vertical displacement made 
with the transverse profilometer at various stages of 
the test are shown graphically in figure 3. In the tests 
of sand-clay materials described in the previous report, 
it was found that unmistakable visual evidence of fail- 
ure such as marked instability, breaking up of the sur- 
face treatment, and extrusion of mud through the 
surface was noted at about the time the average vertical 
displacement of the surface reached 0.25 inch. Section 
5 of series 1 of the sand-clay-gravel materials showed 
an average vertical displacement of only 0.17 inch at 
the time failure became visually evident but the verti- 
cal displacement continued to increase rapidly, reaching 
0.34 inch when measurements were discontinued on the 
section at 233,000 wheel-trips. The increase in aver- 
age vertical displacement for the other four sections, 
none of which actually failed, was very gradual and the 
total displacement never reached more than 0.20 inch 
during the regular traffic test. 

Section 2, judged by its rate and total amount of 
vertical displacement, was markedly superior to any of 
the other sections in series 1 and its general behavior 
in the track as judged by visual inspection confirmed 
the evidence of the displacement measurements. In 
this respect, 1t conformed to the behavior of the corres- 
ponding section of the sand-clay materials from which it 
differed physically only in having 46.5 percent of the 
sand-clay replaced with rounded gravel ranging in size 
from No. 10 to 1 inch. 
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FicguRE 2.—APPEARANCE OF SEcTION 5 or SERIES 1: Lert, Arrer 150,000 WuereEL-Trips, WHEN Its FatturE Was RECORDED. 
Ricut, ArreR 233,000 WHEEL-TRrips, WHEN MEASUREMENTS OF Its SURFACE DISPLACEMENT WERE DISCONTINUED. 


TABLE 4.—Schedule of operations and behavior of test sections in circular track tests, series 1 





Operation Traffic 
Wheel-trips 
Compacting base course- 0- 30, 000 


Compacting base and 
surface treatment. 

Testing with distrib- 
uted traffic. 

Compacting base course- 


30, 000— 50, 000 
50, 000— 50, 300 
50, 300— 58, 000 
58, 000- 75, 000 
75, 000-100, 000 


Drying and recompact- 
ing base ccurse. 
Compacting base and 


new surface  treat- 
ment. 
Testing with distrib- | 100, 000-183, 000 


uted traffic. 


Testing with concen- |8 183, 000-256, 000 
trated traffic. 


Do 256-000-320, 000 





Dos noe eee 320, 000-370, 000 
DOS. an eee 370, 000-425, 000 
A 2-foot segment of | 425, 000-445, 000 


each section was fro- 
zen with dry ice and 
tested after thawing. 


Water 
level 
above 
top of 
sub- 
base 


Y% 
24 
3% 
4% 
4% 


Section 1 (plasticity 
index =0) 


Go0deee isso sree. 


Section 2 (plasticity 
index =5) 


Stable but raveled 2___ 
Goodss= Sees ase 


Behavior 


Section 3 (plasticity 
index =9) 


Stable but raveled ?___ 
Good 


bk alae Co ee eee UU nstablosiiaees een SU TISta DIG cose: eee eee 

ere do_.......--...---| Surface treatment de- | Surface treatment de- 
stroyed.’ stroyed.’ 

oa do__..--..........| Unstable at first but | Unstable at first but 
improved rapidly. improved gradually. 

be Ea} COSA. she ae seree |: GOON cases totes en | O00 Sec emer eee 

ea OO se eee oe ee eS EOD ats ace ce ewan | see 0 mae ee ew eee 

Good but developed | Good but developed | Good but developed 

slight rutting. slight movement. slight movement. 
azoe CO).n sens are on alee Onan See ol ee LO 
Good but cracked | Good but cracked | Good but cracked 


somewhat along cen- 
ter line. 

Good; some rutting 
and cracking. 

No change in behay- 
ior. 


somewhat along cen- 
ter line. 


No change in behav- 
ior. 


somewhat along cen- 
ter line. 

Good; some rutting 
and cracking. 

No change in behav- 
ior. 


Section 4 (plasticity 
index=11) 


Section 5 (plasticity 
index = 16) 


Stable but raveled 3_._| Unstable at first.3 


Goods.2 ee ae 
Unstable sscsesssosae= 
Surface treatment 


badly damaged.’ 
Unstable at first but 


improved gradually. 
Goods = 
Good but moved 


peat under traf- 


Ch 
Good but developed 
some cracking. 
d 


Movement increased 
appreciably. 


Appreciable rutting 
and cracking. 

Frost heave, 0.03 inch; 
increased rutting 
and cracking. 


Good. 
Do. 
Do. 
Do. 
Do. 
Quickly became un- 


stable and failed at 
150, 000 wheel-trips. 


Frost heave, 0.1 inch; 
extremely unstable. 





1 No water in sub-base. 


2 Raveling was caused by a deficiency of moisture. 


3 The early instability of sec. 5 indicated that its initial moisture content of 6.5 


percent was sufficient to permit proper compaction. 


4 Sec 1 was stable but its marked subsidence under traffic when water was admitted 


indicated a deficiency of moisture during compaction. 


5 This temporary loss of stability and the subsidence of the surface when water was 


$ Water drained out of sub-base to allow unstable sections to dry and compact. 


trips 


admitted indicated a lack of compaction resulting from an initial deficiency of mois- 


ture. 


’ Evaporation of the excess capillary moisture, admitted because of the incomplete 
ous compaction, was so slow that the base course material had to be partially dried 
y remixing 


* Load on each wheel increased from &-0 pounds to 1,000 pounds at 233,000 wheel 
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Figure 3.—Rate or Surrace DispLACEMENT UNDER TRAFFIC, Srrizs 1. 
TaBLE 5.—Schedule of operations and behavior of test sections in circular track tests, series 2 © 
Water Behavior 
level 
Operation Traffic oe 
ae Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 
ase 
Wheel-trips Inches 
Compacting base 0- 40, 000 (1) Rutted badly at | Slightly unstable | Very unstable at | Stable at first; | Decidedlyunstable | Stable at first; un- 
course. first but quickly at first; stable first; gradually slightly unstable at first; became stable and cracked 
4 became stable.2 later. became stable. later. stable later. later. 
Compacting base | 40, 000— 65, 000 (1) Goodsisessee eee! Goods. eae G00 dees ae (Chortle kas as Sad Good aw eet Movement con. 
and surface treat- tinued. 
ment. 
Testing with dis- | 65, 000-125, 000 Volwecse ALORA De guts ere Good but devel- |_-..- Gta ee Onsen eee eee (oko aka slay ee Decidedly unstable. 
tributed traffic. oped slight 
movement un- 
: der traffic. 
Testing with con- |3125, 000-205, 000 | Excellent_..-..--.- Developed more |-_---- One pe ese rare pee Cle 4 eee Good but devel- | Rutted, corrugated 
centrated traflic. movement and oped slight move- and cracked. 
failed. men 
UD cea oe aes 205, 000-255, 000 Qo la-snes (NO aoe Oo 5 en ey ee a ae See (GVO) = = an Sa eee a) Bee CO aacmmeee tae GO00dze = sesame ee Failed. 
0 Sees eee ae 255, 000-330, 000 Be) (Osea er wee na bee see Soe cone ee Sas eee Developed 2 chuck |_---- Poe ae a 


1 No water in sub-base. 
2 Because of its ability to drain readily, sec. 1 required frequent sprinkling during 
compaction. 


After the conclusion of the regular traffic test on series 
1 at 425,000 wheel-trips, the effect of freezing and thaw- 
ing was investigated to a limited extent. A segment of 
each section about 2 feet long and 18 inches wide was 
frozen by placing a layer of crushed dry ice over it and 
covering the dry ice with blankets. Freezing to a 
minimum depth of 2% inches was accomplished in 
about 5 hours. Measurements of surface elevations 
at this time revealed a heave of 0.1 inch on section 5 and 
0.03 inch on section 4 with no change in surface eleva- 
tion for the other three sections. After the frozen 
segments had thawed out, 20,000 additional wheel- 
trips of concentrated traffic were applied. Cross sec- 
tion profiles indicated additional average vertical dis- 
placements as shown in figure 4 from 425,000 wheel- 
trips to 445,000 wheel-trips. 


WATER ELEVATION OF 1, INCH PROVED SEVERE TEST CONDITION 


The average vertical displacements at 370,000 and 
425,000 wheel-trips from figure 3 are repeated i in figure 
4 to show the effect of freezing and thawing on the 
rate of displacement. The nonplastic material of 
section 1 was apparently not affected, displacement 


holes; section was 
near failure. 


: * Load on each wheel increased from 806 pounds to 1,000 pounds at 175,000 wheel- 
rips. 


caused by traffic continuing at the same rate after 
freezing and thawing as before. The plastic materials 
in sections 2, 3, and 4, were affected roughly in direct 
proportion to their plasticity indexes. Section 2, with 
a plasticity index of 5, showed only a slightly increased 
rate of displacement after freezing while section 4, 
with a plasticity index of 11, showed a very marked 
increase. Section 3 was intermediate between sections 
2 and 4 in this respect. 

Series 2.—As shown in table 5, preliminary compac- 
tion of the base and surface treatment was completed 
at 65,000 wheel-trips. Throughout the subsequent 
traffic test with water in the sub-base and at gradually 
increasing heights in the test base course, sections 1, 
3, and 5 remained stable and showed no indications of 
failure. Section 2, as shown in figure 5, developed 
considerable movement and local depressions under 
concentrated traffic while the water level was still at 
¥% inch and was rated as having failed at 205,000 wheel- 
trips. Section 6 was decidedly unstable throughout 
the test period, indicating impending failure while the 
water level was at ¥% inch, and was rated as having 
failed at 250,000 wheel- -trips or shortly after the water 
level was raised from ¥ inch to 2% inches. Its appear- 
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Figure 4.—Errect oF FREEZING AND THAWING CIRCULAR 
TRACK SECTIONS, SERIES 1. . (THE DISPLACEMENTS AT 370,000 
AND 425,000 WuereEL-Trips ARE REPLOTTED FROM FIGURE 3.) 


ance shortly before complete failure is shown in figure 6. 
Section 4 behaved well under the test traffic until 
after the water level had been held at 3% inches for 





some time. It then developed two chuck holes and 
was definitely nearing failure when the test was dis- 
continued at 330,000 wheel-trips. The latter circum- 
stance necessitated its classification as a doubtful or 
borderline material. 

The development of vertical displacement as meas- 
ured with the transverse profilometer on the six sections 
of series 2 is shown in figure 7. For sections 2 and 6 
the average vertical displacement at the time visual 
evidence of complete failure was noted was approxi- 
mately 0.24 inch, which is in close agreement with the 
results of tests on sand-clay materials. Although sec- 
tion 4 showed only a slight increase in displacement up 
to 255,000 wheel-trips, the curve (fig. 7) broke abruptly 
upward efter the water level was raised to 3% inches 
and apparently would have passed 0.25 inch at about 
350,000 wheel-trips had the test been continued. 

In tests of both the sand-clay materials previously 
reported and the sand-clay-gravel materials here dis- 
cussed, the definitely unsatisfactory materials were 
clearly distinguished from the rest by the fact that they 
either failed completely or showed unmistakable evi- 
dence of impending failure during the portion of the 
test when the water level was only % inch above the 
bottom of the test base course, and in no case were 
more than 140,000 wheel-trips of test traffic necessary 
to bring out this initial distinction. This initial classi- 
fication was facilitated by the fact that the displace- 
ment curves of the unsatisfactory materials invariably 





FIGURE 5.—APPEARANCE OF SECTION 2 or SEerrEs 2: Lert, AFTER 205,000 WHEEL-Trips, WHEN FAILURE BecAME EvipEnt (Notg 
THAT THE SURFACE TREATMENT Was ComMPLETELY SHEARED THROUGH AT THE DEPRESSION IN THE OUTSIDE Rot); Rieut, 


Arter 255,000 Wuerrt-Trips. 
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rose steeply or broke upward fairly early in the test 
whereas the displacement curves for the satisfactory 
and borderline materials tended to flatten out after 
the first few thousand wheel-trips of test traffic (see 
figs. 3 and 7). 

“Additional traffic and elevation of the water level 
were resorted to only after the definitely unsatisfactory 
materials had been identified, the purpose being to 
ascertain if any of the remaining sections were com- 
posed of borderline materials. 

Figure 8, showing section 4 of series 1, well illustrates 
the appearance of one of the borderline materials at 
various stages of the test. The two upper views show 
the section in excellent condition after, respectively, 
50,000 and 133,000 wheel-trips of test traffic. At 
these stages its condition was typical of that of any 
of the wholly satisfactory sections during the traffic 
test. The two lower views show the results, of pro- 
longed application of concentrated traffic under highly 
unfavorable conditions. Even at these stages the indi- 
cations of failure, although sufficient to place the sec- 
tion in the border classification, were not extensive. 

Figure 9 shows the condition of the other borderline 
material, section 4 of series 2, at 330,000 wheel-trips 
(the conclusion of the traffic test). Complete failure 
had not occurred but impending failure was clearly 
indicated by the deep depression in the inside wheel 
lane. The test conditions had been made so severe 
during the later stages of the tests of both series that 
not even the complete failure of a section could have 
‘been construed to indicate a seriously inferior material. 


NEW INSTRUMENT USED TO TAKE LONGITUDINAL PROFILES 


In addition to the transverse profiles which were 
taken at two stations on each section and from which 
the average vertical displacements of the surface were 
calculated (see figs. 3 and 7), longitudinal profiles were 
taken along the center lines of the wheel lanes with a 
new instrument designed especially for use on the cir- 
cular track and used for the first time in these tests. 








FiGuRE 6.—APPEARANCE OF 
255,000 WueEEt-Tries or TRAFFIC. 














SECTION 6 OF SERIES 2 


AFTER 


FAILURE IS INDICATED 
BY THE GENERAL RovuaGHNEss, Rurrine, AND BREAKING 
THE SURFACE-TREATMENT. 
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Figure 7.—RateE or SurFAacr DIspLACEMENT UNDER TRAFFIC, SERIES 2. 
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I'1GURE 8.—APPEARANCE OF SECTION 4 or SentEs 1 ArreR Various Amounts oF Trarric: A, Arrer 150,000 WurEt-Trips; B> 
ArTER 233,000 Wurrt-Tripes; C, Arrer 425,000 Wueret-Trivs; anp D, Arrer Freezine, THAWING, AND THE APPLICa- 
TION OF 20,000 AppiITIONAL WHEEL-TRIPs, BRINGING THE ToTAL TRAFFIC TO 445,000 WHEEL-TRIPS. 


Figure 10 is a photograph of the new longitudinal 
profilometer in position for making a recording of the 
profile of the track surface. It consists of a radial 
frame pivoted at the central pedestal of the track 
structure and supported at its outer end by two flanged 
wheels arranged in tandem and running on a peripheral 
steel track attached to the outer curb of the track. 
One of these wheels drives, through an appropriate 


transmission system, the vertical drum that carries the 
record sheet as shown in figure 10. This drum is 
mounted on a radially sliding cage that can be clamped 
at any desired radius within the width of the track. 
The cage also carries a vertical sliding measuring rod 
on the lower end of which is a small caster that rests 
on the track surface and moves up and down in con- 
formity with the contour of the surface. At the rod’s 
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upper end is a stylus which draws the surface profile on 
the drum as it revolves when the instrument is moved 
around the track. The drum makes one revolution 
while the profilometer is making one trip around the 
track, so that a continuous profile of all the test sec- 
tions in a track is made on one sheet 21% inches long. 

Longitudinal profiles of the test sections in both 
series 1 and 2, taken on the wheel courses where con- 
centrated traffic was applied, are shown in figure 11. 
The upper one of each pair of profiles shown was taken 
at the conclusion of the compaction period before any 
test traffic had been applied. The corresponding lower 
ones were taken at the conclusion of the traffic test and 
show the depth of the ruts that were formed. 

These longitudinal profiles were found to be fully as 
satisfactory as the cross-section profiles as a means of 
evaluating the comparative quality of the materials. 
Tests with both instruments on this series of materials 
indicated that the average depth of rut was about 1.8 
times the average vertical displacement as calculated 
from the cross-section profiles. While this factor might 
vary somewhat for different types of materials, the 
comparative results in a series of tests on similar mate- 
rials are consistent and if desired the value of the factor 
is easily obtained for other types. 

Compaction tests similar to those used in deter- 
mining the moisture contents for constructing the sec- 
tions of series 2 were made on the aggregates of both 
series. The vibratory compaction test was modified 
to the extent that about 5 percent by weight of kero- 
sene was mixed with the aggregates before vibrating 
them, to prevent segregation of the coarse stone. It 
was found that this produced somewhat higher den- 
sities than were obtained by vibrating the dry aggre- 
gates as was done in setting the moisture contents. 

A comparison of the densities obtained by the 
modified vibration method with those of the track 
sections at the conclusion of the traffic test is shown 
in table 6. 


TABLE 6.—Comparison of densities obtained by vibration and by 
testing in the circular track 








Density (aggregate 
volume per unit of 
total compacted 

















volume) : § 
Behavior of section under 
traffic 
Compacted| Track sec- 
by vibra- | tion at end 
tion of test 
SERIES 1 Percent Percent 
Section 1___ E 89.7 82.8 | Satisfactory. 
28 88. 0 87.0 Do, 
oe 87.5 86. 4 Do. 
Lo s 87.1 86. 2 | Essentially satisfactory. 
fy eyes ee 7 TN “65a F nk te 87.2 84.0 | Failed. 
SERIES 2 
Seen (opal ie ANS sR see ee 86.9 77.8 | Satisfactory. 
a ree eee Sete 86. 7 . 83.9 | Failed. 
Sop’ DS la ea se 89.9 89.1 | Satisfactory. 
ye ae OI Sire "ae 87.5 87.3 | Approached failure. 
eae Sb See el gee! ee 89.9 89.3 | Satisfactory. 
Gre 5 ee ae 87.7 85.1 | Failed. 


SATISFACTORY PLASTIC MATERIALS HAD GREATEST COMPACTION 
IN TEST TRACK 


The relations between service behavior and relative 
density, as shown in table 6, were consistent with those 
noted for the sand-clay materials of the previous 
investigation. 

The satisfactory and borderline plastic sand-clay- 
gravels (sections 2, 3, and 4 of series 1 and sections 3, 4, 

129346—39 
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Figurr 9.—APPEARANCE OF SECTION 4 OF SERIES 2 aT THE END 
oF THE TRraAFFic Test (330,000 WuHeEEL-Trips). THe Drnp 
Rut In THE INsipE LANE INDICATED AN IMPENDING FAILURE. 





FicurE 10.—LONGITUDINAL PROFILOMETER USED ror RECORD- 
ING LONGITUDINAL PROFILES OF CIRCULAR TRACK SECTIONS. 


and 5 of series 2) attained densities in the track within 
from 0.2 to 1.1 percent of the densities of the vibrated 
samples. The unsatisfactory materials (section 5 of 
series 1 and sections 2 and 6 of series 2) all of which 
were plastic, had densities that were 3.2, 2.8, and 2.6 
percent, respectively, less in the track than in the 
vibrated samples. The two nonplastic materials, 
section 1 of series 1, and section 1 of series 2, because of 
their harshness, were the least compactible under 
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Ficure 11.—LoNGITUDINAL PROFILES OF CrRCULAR TRACK SECTIONS SHOWING Maximum DisPLACEMENT OR RUTTING. 


traffic, their densities in the track being 6.9 and 9.1 
percent less than those of the vibrated samples. How- 
ever, both gave satisfactory service because of the same 
inherent characteristic that caused their noncompacti- 
bility under traffic, namely their harshness. 

The numerical differences in density of the plastic 
materials appear small and for that reason, their im- 
portance might easily be overlooked. To realize their 
importance where plastic materials are concerned, it is 
only necessary to analyze the data showing the densities 
of sections 2, 3, and 4 of series 1 at 58,000 wheel-trips 
when absorbed water had rendered them extremely 
unstable, the densities of the same sections at 425,000 
wheel-trips after further compaction had made them 
highly resistant to the action of water, and their 
maximum obtainable densities as determined by vibra- 
tion (see table 7). 


TABLE 7.—Comparison of densities obtained by vibration with 
densities of track sections after various amounts of traffic 














Densities 
Series 1 fragt ebay In track at Samples 
trips (un- | 425,000 wheel-)_ compacted 
stable) trips (stable) | by vibration 
: Percent Percent Percent 
SOCUONK ous csue ae ee eee ee 83, 2 87.0 
Reg et ES en 84,5 86. 4 87.5 
Sy ie ee gee 2 oe 84.3 86, 2 87.1 

















At 58,000 wheel-trips, when the track sections were 
highly unstable, the densities of the three sections were 
respectively only 4.8, 3, and 2.8 percent less than the 
maximum densities obtained by vibration. ‘The ad- 
ditional compaction obtained by the application of 
additional traffic in conjunction with the drying out of 
from 1.1 to 2.1 percent of moisture (see table 3) in- 
creased their densities by, respectively, 3.8, 1.9, and 
1.9 percent or to within 1, 1.1, and 0.9 percent of their 
maximum densities obtained by vibration. This small 
increase in density accounted for their alteration from 
a condition in which they were highly susceptible to 
softening in the presence of capillary water to one in 
which they had a high resistance to the action of water. 

A volumetric analysis of the composition of all of 
the test sections at the conclusion of the traffic tests 
is Shown in table 8. The highly capillary nature of the 
plastic materials, comprising all of the test sections 
except section 1 of each series, is strikingly shown by 
the very low percentage of residual or air-filled voids. 
These residual or air-filled voids represent, in each 
section, less than 2 percent of the total volume of the 
traffic-compacted plastic materials. The water con- 
tents show considerable variation, being relatively low 
for the more compactible materials and high for the 
noncompactible ones. In other words, the capacity of 
these materials to absorb water seems to be limited 
only by the volume of pore space available with a smal] 
allowance for nondisplaceable air. Thus again is 





emphasized the importance of obtaining thorough com- 
paction in plastic, highly capillary materials. 
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In contrast to the plastic sections, the nonplastic 
materials of section 1 of series 1, and section 1 of series 
2, had higher percentages of residual or air-filled voids 
and water contents no higher than those of the plastic 
materials indicating low capillarity and a susceptibility 
to gravity drainage. 


TABLE 8.—Composition of track sections at conclusion of traffic 
tests, serves 1 and 2 














Composition by vclume 
Water con- 
tent by 
weight Aggregate Water Air 
SERIES 11 Percent Percent Percent | Percent 
OCHO Uae wate ee en eS we Ae 5.3 82.8 1 IW 5. 5 
Depa Pet ane 8 eee ee 4.9 87.0 11.4 1.6 
Oop oe ae, eee Roe §.1 86. 4 1 Y/ 1.9 
Yio hel ERS ogra CP er Se 5.5 86. 2 12.6 |e? 
ieee gee ee re as 6.6 84. 0 14.8 12 
SERIES 22 
DOCLLOTIAl eee sets ee eee a Se a 6.9 77.8 14, 2 8.0 
fad Se Ae Se a meen eat a 6.9 83.9 15. 4 Fe 
OR eas ere Ae eS ee 4.0 89.1 9.4 1.5 
SOP bn Me Oe ee 4.9 87.3 ithe} 1s 
iin a Ww Oe ee a) See eee 4.1 89.3 9.7 ul) 
Ghee ee ee, 6,2 85. 1 14.0 .9 

















1 At 425,000 wheel-trips. 
2 At 330,000 wheel-trips. 


TESTS SHOWED IMPORTANCE OF CONTROLLING PLASTICITY AND 
GRADING 

As in the tests of sand-clay mixtures the delineation 
between good, serviceable materials and those of inferior 
quality was distinct. Again, the great importance of 
close control of both plasticity and grading was demon- 
strated and it was also shown that, where plastic mate- 
rials are concerned, no amount of control of the quality 
of the materials will prevent failure if thorough com- 
paction of the materials is not obtained during the 
construction operations. 

Confirmation was found for the belief of some author- 
ities that the behavior of a graded aggregate base-course 
material is largely dependent on the quality of the soil 
mortar or material passing the No. 10 sieve. The 
results of these tests indicate this to be true if more 
than about 40 percent of the total aggregate passes the 
No. 10 sieve, while if the total aggregate contains less 
than about 40 percent of soil mortar the effect of the 
quality of the soil fraction is modified or obscured by 
the coarser material. A discussion of the test results 
leading to this conclusion follows. 

Figure 12 which was prepared from the data in table 1 
shows the grading curves for the 11 sand-clay-gravel 
materials used in these tests. The shaded areas which 
are identical for both series were drawn to include the 
grading curves of all of the wholly satisfactory ma- 
terials. They are limited on the left or fine side, as 
nearly as possible without imtroducing misleading 
undulations, by curves for the two borderline materials, 
section 4 of series 1 and section 4 of series 2. Their 
limit on the right or coarse side is established by curves 
for the materials of sections 1 and 3 of series 2, since 
theirs were the coarsest gradings used. 

Figure 13 shows the gradings of the mortars or 
fractions passing the No. 10 sieve of the 11 sand-clay- 
gravel materials. The two identical shaded zones, 
reproduced from figure 13 of the report on sand-clay 
materials, include the gradings of all the wholly satis- 
factory sand-clay materials tested in the previous 
investigation and are limited on the left by curves for 
the borderline sand-clays and on the right by curves for 
the coarsest materials used in that investigation. 








As shown in figure 13, the grading curves of the 
mortars of all but one of the sand- clay- ‘oravel materials 
fall either partially or almost entirely outside the 
shaded area on the left or fine side. The amount of 
this divergence has no significance in the case of the 
nonplastic. material of section | of series 1, and may not 
be sufficient for sections 2, 3, and 4 to impair seriously 
their quality as sand- clay materials for base courses. 
The divergence is extensive for section 5 of series 1, and 
sections 2, 3, 4, 5, and 6 of series 2, which leads to the 
conclusion that the mortars of these sections w ould be 
unsatisfactory for use as base-course materials by them- 
selves. The mortar of section 4 of series 2 was the 
extreme example in this respect and yet because this 
inferior mortar comprised only 41.9 percent of the total 
base-course material as tested, the section withstood 
traffic well enough to be classed in the borderline group. 

The mortars of the unsatisfactory sections 2 and 6 of 
series 2 were virtually identical in grading with those of 
the satisfactory sections 3 and 5 of series 2. The 
plasticity indexes of sections 2 and 6, which were 
respectively 9 and 7, did not differ sufficiently from 
those of sections 3 and 5, which were respectively 8 
and 6, to account even in part for their difference in 
behavior. The only significant difference was in the 
percentage of the total aggregate passing the No. 10 
sieve. For the unsatisfactory sections 2 and 6, these 
percentages were 65 and 66.1 as compared to 31.9 and 
38 for the satisfactory sections 3 and 5. 


FINDINGS USED IN DRAFTING SPECIFICATIONS FOR SOIL AND 
GRAVEL BASE COURSES 


Section 5, series 1, in which a sand-clay material 
known to be unsatisfactory for use as a base course by 
itself comprised 47 percent of the sand-clay-gravel 
mixture, failed quite early in the traffic test. 

Thus with definite failures recorded when poorly 
graded or highly plastic soil appreciably exceeded 40 
percent of the aggregate and borderline behavior when 
41.9 percent of an unsatisfactorily graded soil mortar 
was used, while satisfactory service was recorded for 
sand- clay- eravel mixtures containing 31.9 and 88 per- 
cent of poorly graded soil mortar, the critical percentage 
seems to be quite well established as being in the 
neighborhood of 40 with the rounded-gravel coarse 
ageregate used 1 in these tests. 

For convenience in studying these relationships, the 
percentages passing the No. 10 sieve and the plasticity 
indexes of all the sand-clay-gravel materials as shown 
in table 1 are repeated in table 9. 


TABLE 9.—Quantity and character of mortar fractions of track 
sections, and behavior under traffic 








Fraction of| Plasticity 
eo paces ee Behavior of section under 
ing No. 10 | passing No. traffic 
sieve 40 sieve 
SERIES 1 Percent 
Sechionwes2. 25 Ce ee 53.5 0 | Satisfactory. 
OIE Fie SI We esc A 47.9 5 Do. 
Hagar AS Sas dee” yet aa A 47.9 9 Do. , 
, en: ep eee Ae 50. 3 11 | Essentially satisfactory. 
pera s SE. fa es 47.0 16 | Failed. 
SERIES 2 
Section Wes ue eee SF 42,3 0 | Satisfactory. 
2 3 ; 65. 0 9 | Failed. 
31.9 8 | Satisfactory. 
41.9 7 | Approached failure. 
38.6 6 | Satisfactory. 
66.1 7 | Failed. 
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Figure 12.—Grapines or MATERIALS IN SERIES 1 AND 2. SHapED AREA INDICATES ZONE WiTHIN Wuicu ALL THE WHOLLY 
SatisrFactory Marerrats ARE INCLUDED. 
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Fiaure 13.—GRapiInGs or THE Mortars or THE SAND-CLAY-GRAVEL MATERIALS TESTED. Tue SHapEep ARzEAS, REPRODUCED 


FROM Figure 13 oF THE PREvIoUS Report oN SAND-CLAY MATERIALS, SHOw THE GRADING RANGE OF THE SATISFACTORY 
Sanp-Ciay Basze-Course MarsEriat.s. 


None of the nonplastic materials, either in the tests | materials with coarser aggregate could be expected to 
of sand-clays or of the sand-clay-gravels, showed any | make satisfactory base courses for bituminous surfaces 
indication of lack of stability and it is obvious that regardless of whether 40 percent or even as much as 100 
mixtures of nonplastic, satisfactorily graded sand-clay (Continued on page 16) 


SIMPLIFIED COMPUTATION OF HYDROM- 
i EeehEon DATA FOR SOIL 


BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 


Reported by EDWARD S. BARBER, Junior Highway Engineer 


(Es is made of a hydrometer in standard methods 
of test’* to determine the size distribution of 
soil grains smaller than 0.05 millimeter in diameter. 
Direct computation of the size distribution by means 
of the formulas involved in interpreting the test data 
is rather laborious. To simplify this work a graphical 
method of computation was devised by the Bureau of 
Public Roads.* The present report describes a slide 
rule with special indicator and scales that is particularly 
useful in obtaining the size distribution when the data 
are reported as an accumulation curve. Each method 
has certain advantages and the choice of a particular 
one depends upon individual preference and the testing 
equipment used. 

' In the hydrometer method of mechanical analysis, 
Stokes’ law for the velocity at which a small solid 
sphere falls through a liquid is used to determine equiva- 
lent grain size, whichis the diameter of asphere that would 
fall at the same velocity as the soil particle. Stokes’ 
formula with reference to soil tests may be written 


s 30nL 
d= santa acess “) 
in which 


d=equivalent grain size in millimeters. 
viscosity of water, in poises, for any tempera- 
ture 7’ 
[=distance, in centimeters, through which the soil 
particles fall during a time, t, in minutes. 
G==specific gravity of the soil. 
i—=specific gravity of water. 


The numerical values presented in this paper are for 
a particular Bouyoucos hydrometer calibrated to read 
erams of soil per liter of suspension (in water) at 67° F. 
with a soil whose specific gravity is 2.65. However, the 
method of computation is applicable to any hydrometer 
of either the Bouyoucos or specific gravity type. 

Table 1 gives the equivalent grain size in millimeters 
under standard conditions of temperature and specific 
gravity for various combinations of hydrometer reading 
and time. The viscosity of water is taken as 0.0102 
poise at 67° F. and its specific gravity is taken as 1. 
Following the practice of the Bureau of Public Roads,’ 
I in formula (1) is taken as 0.42 times the distance 
from the surface of the suspension to the bottom of the 
hydrometer. 

Table 2 gives the factors by which the grain sizes 
of table 1 are multiplied to correct for variations in 
temperature and specific gravity. The temperature 


: : n 
correction factor for G=2.65 is Vatu and the 


specific gravity correction factor for 7T=67° F. is 


1 Tentative Method of Mechanical Analysis of Soils. Proceedings of the American 
Society for Testing Materials, vol. 35, pt. I, 1985, p. 953. 

2 Standard Method of Mechanical Analysis of Soils, Method T-88-38 Standard 
Specifications for Highway Materials and Methods of Sampling and Testing, 1938, 
p. 291. Published by the American Association of State Highway Officials. 

3 Graphical Solution of the Data Furnished by the Hydrometer Method of Anal- 
ysis, by E. A. Willis, F. A. Robeson, and C. M. Johnston. Pusiic Roaps, vol. 12, 
No. 8, October 1931. 








pepe 
G—1 
temperature and specific gravity is obtained by mul- 
tiplying the temperature correction factor by the 
specific gravity correction factor. 

For example, if ¢t is 2 minutes and the hydrometer 
reading, H, is 34, table 1 gives a grain size of 0.0266 
millimeters. Then for T=70° F. and G=2.6, table 2 
gives a combined correction factor of 0.995. The 
product 0.0266 times 0.995 gives 0.0265 millimeters 
as the corrected value of the equivalent grain size. 


The combined correction factor for both 


TABLE 1.—Equivalent grain sizes in millimeters under standard 
conditions 1 computed from Stokes’ formula 


Equivalent grain size for periods of sedimentation of— 


Bouyoucos 

hydrometer 250 1,440 
reading, 1 min- | 2 min- | 5 min- | 15 min-| 30 min- | 60 min- Fntrios (enti 
ute utes utes utes utes utes ites mites 
Mm. | Mm. | Mm. | Mm. 

0.0079 | 0.0056 }0.00275 |0.00115 

.0079 | .0056 | .00273 | .00114 

. 0078 0055 | . 00271 00113 

. 0078 .0055 | .00269 00112 

. 0077 . 0054 | . 00267 00111 

. 0076 0054 | .00265 } .00110 

.0076 | .0054 | .00262 | .00109 

.0075 | .0058 | .00260 | .00108 

. 0074 . 0053 | .00258 00107 

. 0074 . 0052 | .00255 00106 

. 0073 0052 | .00253 | . 00105 

. 0072 .0051 | .00251 | . 00105 

0072 . 0051 | .00249 | .00104 

.0071 | .0050 } .00247 | .00103 

. 0071 . 0050 | .00245 | .00102 

.0070 | .0050 } .00243 | .00101 

.0069 | .0049 | .00240 | .00100 

. 0069 . 0049 | .00288 | .00099 

.0068 | .0048 } .00236 | . 00098 

. 0067 .0048 | .00234 | . 00097 

.0067 | .0047 | .00231 | . 00096 

.0066 | .0047 | .00229 | . 00095 

. 0066 . 0046 | .00227 | . 00094 

. 0065 . 0046 | . 00224 | . 00093 

. 0064 . 0045 | .00222 | . 00092 

. 0063 .0045 | .00220 | . 00091 








1 This table is for a particular hydrometer calibrated to read grams of soil per liter of 
suspension at 67° F. with a soil whose specific gravity is 2.65. The calibration for 
distance of fall is given in table 4. 


TABLE 2.—Combined correction factors! for temperature and 
specific gravity applied to Stokes’ formula 





Correction factor for soils having specific gravities of— 





Temperature, 
degrees (F’.) 


1.182 | 1.138 | 1.100 | 1,065 | 1.048 | 1.033 | 1.004 | 0.977 
1,144 | 1.102 | 1.064 | 1.031 | 1.015 | 1.000; .972]| .946 
1,127 | 1.086 | 1.048 | 1.016 | 1.000} .985] .958 932 
1,104 | 1.064 | 1.027 995 980 | .965 939 913 
1.068 | 1.029 995 965 | .949 |] .935 909 885 
1, 035 998 963 934 |} .919 |] .905 880 857 


1.004 | :968| .934] :905] :891| .878| .853] .830 
*976 | .940] 908] .880| .866| .853] .829| .807 





1 A grain size under standard conditions as given in table 1 is multiplied by a cor- 
rection factor from this table to correct for values of temperature and specific gravity 
other than 67° F. and 2.65, respectively, 
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SCALE FOR SPECIFIC GRAVITY FACTOR 
FOR PERCENTAGE OF SOIL IN SUSPENSION 
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SCALE FOR SPECIFIC GRAVITY FACTOR IN STOKES’ FORMULA 
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SCALED INDICATOR 


Figure 1.—Sitipr Ruue AND INDICATOR WITH SUPPLEMENTARY SCALES. 


SLIDE RULE USED TO COMPUTE PARTICLE SIZES 


Values shown in tables 1 and 2 may be indicated 
graphically on a slide rule. The desirability of doing 
this will depend upon the operator’s preference and the 
test method used. For example, if all tests are made 
at the same temperature and an average specific 
eravity is assumed, a tabulation such as table 1 gives 
the grain sizes directly. For the more general case, 
where both temperature and specific gravity are differ- 
ent for each test, the following method can be used for 
adapting a slide rule so as to facilitate computation of 
grain sizes by Stokes’ formula without the use of tables 
or charts. 

Stokes’ formula may be written 


pu30X0.0102 
~ 9801.65 


with the specific gravity of water taken as 1. 


1.65. 
X9, p03 <G— TX EXG 





Table 3 gives values of for various tempera- 


nN 
0.0102 
tures. As shown in figure 1, marks for these tem- 
peratures are scribed as “the T scale on the indicator so 
as to abut the lower edge of the face of the rule with 
the indicator in place (see fig. 2). The positions of the 


TABLE 3.— Temperature factors in Stokes’ formula 





Temperature 

Temperature factor 
Tk n 

0.0102 

Degrees F. 

60 1.10 
65 1. 03 

67 1.000 

70 . 959 

75 . 899 

80 . 844 

85 . 794 

90 749 











marks for the piers values correspond to the 


positions of the values of ~~ on the A (or B) scale 


0.0102 o108 
with the direction reversed. To mark the T scale on 
the underside of the indicator, it is turned over in the 
direction of the length of the rule and the lower edge 
of the indicator is placed over the A scale so as to cover 
the interval from 0.749 to 1.10 on that scale, the range 
of values of table 3. The mark for 7=60° F. is then 
scribed on the indicator at 1.10 on the A scale, the mark 
for 65 at 1.03, the mark for 67 at 1.00, ete., 

Similarly, the hydrometer readings oiven in table 4 
are scribed on the indicator, giving the H. scale (see 
fig. 1). The positions of the marks on the H scale 

correspond to the positions of the values of Z on the 
A (or B) scale, but this time with the indicator in its 
normal position. Thus, when the mark for zero hydrom- 
eter readings is opposite 1 (or 10) on the A scale, the 
mark for 50 grams per liter on the H scale will be 
opposite the corresponding height of fall which is 6.37. 


TABLE 4.—Distances of fall in Stokes’ formula 


Distance of 
fall, Z 


Hydrometer 
reading, H 


Grams per 


Centimeters 
10. 00 





1 These values, for a particular Bouyoucos hydrometer, are taken as 0.42 times the 
distance from each hydrometer reading or the surface of the suspension to the bottom 
of the hydrometer. 


The values of the specific gravity factors, as given in 
table 5, are scribed below the D scale of the slide rule 
proper (see upper diagram of fig. 1). The position of 
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this scale in relation to the A scale is important. The 
value of the right-hand side of equation (2) is 0.001892 
for j=—=|, minute, G=2.65, n—0:0102 poise (7—67- F.); 
and L=10 centimeters (7=0). To determine the 
position of the mark for @=2.65, the indicator is placed 
so that the mark for H=0, is directly opposite 1892 on 
the A scale. The mark for 2.65 on the specific gravity 
scale (fig. 1) is scribed directly opposite the mark for 
T=67° F. This corresponds to a specific gravity 
factor of 1.00. The remainder of the scale (2.0 to 3.0) 
is scribed relative to the mark for 2.65 using the A scale 
in its normal direction as the measure of length. 

The time, ¢, is given directly on the B scale although 
it may be convenient to draw lines across the longi- 
tudinal center line of the slide (as shown in fig. 1 at 1 
and 5 of upper diagram) corresponding to the usual 
time schedule for reading the hydrometer. 

The solution of the same example as given in the 
description of the use of tables 1 and 2 is illustrated in 
figure 2._ The indicator is moved to bring 70° I. on 
the T scale opposite 2.6 on the Gscale. With the posi- 
tion of the indicator thus fixed, the slide is moved to 
bring 2 minutes on the B (or f) scale opposite 34 on the 
H scale. The grain size in millimeters is then read 
as 0.0265 on the D scale opposite 1 (or 10) on the C 
scale as shown in figure 2. 


TaBLe 5.—Specific gravity factors in Stokes’ formula 
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500 
375 
268 
178 
099 
031 
000 
. 971 
Bly 
. 869 
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COEFFICIENT OF PERMEABILITY COMPUTED USING SLIDE RULE 


If the temperature is kept practically constant during 
a single test, one setting of the indicator will do for all 
of the time readings so that only one movement of the 
slide is required to determine each grain size, the 
indicator remaining fixed in position. 

The slide rule may also be used conveniently for the 
reverse procedure of determining the time interval 
corresponding to a specific grain size for any tempera- 
ture and specific gravity. 

A slide rule method very similar to the one just 


ET FOR_STOKES’ FORMULA. 


described is now being used in computing the coefficient 
of permeability from test data in which the principle 
of the falling-head permeameter is used. 

The formula used for determining the percentage of 
initially dispersed soil remaining in suspension * when 
the hydrometer method of mechanical analysis is used 


may be conveniently computed on a slide rule. This 
formula is 
peg ST ODc Ge ne (3) 
0 


in which 
P=percentage of initially dispersed soil remain- 
ing in suspension at the time a hydrometer 
reading is taken. 
W,=weight in grams of soil per liter of suspension 
initially dispersed. 
H=hydrometer reading, grams of soil per liter 
of suspension. 
AH=temperature correction for density of water 
(see values of table 6). 
f=correction factor for G, the specific gravity 
of the soil (see table 7). 


that is - 
2.65—1 
Jaze 2 65 NGI 


TABLE 6.—Temperature corrections in formula for percentage of 
soil in suspension 











Tempera- Temperature 
ture 7" correction,! AH 
Deqrees F. Grams per liter 
60 —0.8 
61 —.7 
62 —.6 
63 —.5 
64 —.4 
65 —.3 
66 —.1 
67 0 
68 al 
69 a2: 
70 4 
cpl nD 
72 wil 
73 8 
74 1.0 
75 1.2 
76 1.4 
77 1.6 
78 1.8 
79 2.0 
80 PRD. 
81 2.4 
82 2.6 
83 2.8 
84 3.0 
85 Che 
90 4.3 











1 Experimental values. 
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Figure 3.—S.LiIpE RULE SET FOR PERCENTAGE OF SOIL IN SUSPENSION. 


TABLE 7.—Spectfic gravity correction factors in formula for per- 
centage of soil in suspension 
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gravity 
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Values of f are given in table 7. Marks for values of 
G are scribed above and opposite corresponding values 
of fon the A scale to make the G, scale shown in figure 1. 
Thus, the mark for G=3.0 on the G, scale is opposite a 
value of f of 0.934 on the A scale, G=2.0 is opposite 
1.242 on the A scale, etc. The temperature correction 
is to be applied by mental arithmetic and to aid in this 
a table of values such as table 6 is fixed on the back of 
the slide rule or in any other convenient place. This 
completes the equipment. 


To illustrate the method of computation, assume the 
specific gravity of the soil=2.75, the temperature= 
75° F., Wo=48 grams, and H=26.8, 24.3, 23.0, etc. 
As shown in figure 3, the indicator is moved to bring 
its index line to 2.75 on the G, scale. The slide is 
moved to bring 48 on the B scale under the index line. 
The position of the slide remains thus set for the series 
of hydrometer readings. Referring to table 6 for values 
of 7’ and AH, it is found that for T=75° F., AHM=1.2: 
Opposite H+AH=26.8+1.2=28.0 on the B scale, 
P=57.1 percent is read on the A scale as shown in 
figure 3. Similarly, opposite 24.3-++-1.2=25.5 on the 
B scale, 52.0 percent is read on the A scale as the value 
of P; opposite 24.2, P=49.3 percent, etc. 


The slide rule method of computing the percentage of 
soil in suspension is further simplified when used in 
conjunction with the calculating board * devised by the 
Bureau for computing, correcting, and interpolating 
values for specific grain sizes. In this case, the tem- 
perature correction in grams per liter is taken care of 
by moving vertically the transparent paper on which 
the uncorrected hydrometer readings in grams per liter 
are plotted on a vertical scale. In this way, both the 
temperature correction table and mental arithmetic are 
eliminated. 


3 Graphical Solution of the Data Furnished by the Hydrometer Method of Analysis, 
py ites MUS) F. A. Robeson, and C. M. Johnston. PUBLIC Roaps, vol. 12, No. 8, 
ctober 1931. 
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percent of the total aggregate passed the No. 10 sieve. 
The same should be true of plastic sand-clays that would 
be satisfactory as base-course materials without coarse 
ageregate. 

The nonplastic materials raveled somewhat before 
the bituminous surface was applied and thorough com- 
paction was difficult to obtain unless the material was 
kept very wet either by frequent sprinkling or by 
maintaining the ground water at a high elevation. 

In general the materials having a plasticity index of 
5 (section 2 of series 1 of the sand-clays and section 2 of 
series 1 of the sand-clay-gravels) were superior to either 
the nonplastic materials or the more plastic ones, both 
as to ease of compaction and resistance to displacement 
in the traffic tests. 

_ The results of some of the early tests in this investiga- 
tion were made available to the Committee on Mate- 
rials of the American Association of State Highway 
Officials at the time it was considering requirements for 
soil and gravel base courses and were utilized in connec- 


tion with the drafting of the specifications given in 
table 10. 


TABLE 10.—Speczfications for soil and gravel base courses 











Type B base courses 
B-1, 1 inch maxi-|B-2, 2inch maxi- 
mum size mum size 
Mini- | Maxi- | Mini- | Maxi- 
mum | mum } mum | mum 
Percentage passing: 
inch Si@v@les..c-Ss2- Sues ona ca ne nonce hens tal ee eee |e ee eee 100 
134-Inch slevelv- 222-28 <22.5 <8 ase soe taoe aoe | eee |e 70 100 
d-inch SlOvi@s eens canteen Oa Soa ae Eee 100 55 85 
SAIN Ch SlOVOs asso ssc sees eee cee t a eee 70 100 60 80 
SIN CH SIOV One a =- one eee ne oes eee 50 80 40 70 
INO7:-4 SIOVOls 2.55 - So dsecnoceaest eeaee coe 35 65 30 60 
NOM10'sloye.cces2 S222 Sa eee 25 50 20 50 
NON 0IsiCVeics 22 ec cae eee 15 30 10 30 
INO 200 'Si6V0lLs2222-5 2es cc ob aa cone eee 5 15 5 15 
Percentage of material finer than No. 40 sieve 
passing’ NO. 200 sieves. 2-22 22 - ne cee ae Races sit el ese ayes 50 
Liquid limit (material finer than No. 40 sieve)___|------__ pa rg| eee ee 25 
Plasticity index (material finer than No. 40 sieve) _|-.---_-- Culs ee 6 
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Final analysis of the test data after completion of the 
entire test program indicated that the limits established 
are well drawn to insure that highly satisfactory base- 
course materials will be obtained. It was realized at 
the time the specifications were written that some fully 
satisfactory materials would be excluded. 

Complete analysis of the test data indicates that if 
the amount of soil mortar in a well-graded sand-clay- 
gravel is low, the quality of the material depends largely 
on the grading of the coarse fraction and that the 


grading and plasticity of the soil mortar is of relatively | 


less vital importance. Thus, for example, if a material 
fails to meet specification B-1 because less than 25 
percent passes the No. 10 sieve, it is doubtful whether 
it should be classified as a sand-clay-gravel at all even 
though the plasticity index of the small amount of soil 
present might be quite high. It is believed that 
numerous materials of this type are likely to be en- 
countered and that, provided they are well graded from 
the No. 10 sieve to the maximum size and that the 
ageregate particles are somewhat angular, they can be 
used successfully without applying such rigorous re- 
quirements to the character of the soil fraction as are 
set for the sand-clay-gravels. A special specification 
may be desirable to cover such materials. 

Compaction and surface interlocking of such materials 
would be slow and somewhat difficult to obtain and the 
temptation would be great to add clay or other soil 
binder to hasten surface bonding. However, once com- 
pacted to a degree producing interlocking of the aggre- 
gate, and bonded at the top with a mixed or drag type 
of prime treatment, rolled to set the surface, they could 
be expected to provide a more satisfactory base struc- 
ture than would be obtained by the addition of plastic 
soil binder in an attempt to bring these granular mate- 
rials into conformity with the specifications for sand- 
clay-gravel base-course materials. 


CONCLUSIONS 


1. Control of grading is essential to insure satisfac- 
tory stability. 

2. Control of plasticity index is essential, particularly 
when the aggregate contains as much as 40 percent of 
soil mortar. 

3. As the amount of soil mortar decreases below 40 
percent, the importance of the grading of the coarse 
material becomes relatively more important and the 
grading and plasticity index of the soil mortar becomes 
of relatively less vital importance. 

4, Although there may be many instances where 
carefully mixed and placed aggregates having rela- 
tively low mortar contents would give satisfactory 
service even though the plasticity index of the soil 
mortar might be in excess of 6, the possibility of 
segregation and collection of the fine aggregate into 
rich spots or layers must not be overlooked and makes 
the limit of 6 for the plasticity index a desirable if not 
vitally necessary requirement. 

5. A well-graded sand-clay-gravel material having a 
plasticity index of about 5 is to be preferred to absolutely 
nonplastic materials of comparable grading and is 
decidedly superior to those having appreciably higher 
plasticity indexes. 

6. Thorough compaction of even the best plastic 
base-course materials to essentially the maximum den- 
sity obtainable in the laboratory by the vibratory 
method of compaction is absolutely essential to prevent 
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softening and loss of stability where water may reach 
the material after construction. * 

7. Thorough compaction of the plastic materials was 
obtained in the circular track tests by starting compac- 
tion operations with an excess of moisture of about 1.5 
to 2 percent over the optimum as determined by the 
Proctor test on the portion of the aggregate passing the 
No. 10 sieve or, for the total sand-clay-gravel aggregate, 
sufficient moisture to fill the aggregate voids when com- 
pacted to the maximum obtainable density by vibra- 
tion. 

8. It is most important that compaction operations 
be continued during the drying out of the above-men- 
tioned excess water since the combined action of com- 
paction and drying is necessary to produce the required 
densities. 

9. Some additional moisture may be required in 
handling plastic materials to provide for drying losses 
during mixing and leveling operations, but care should 
be taken not to surpass actual needs since any great 
excess of moisture will delay final compaction. 

10. In connection with nonplastic materials, the 
term “optimum moisture content” has little or no 
significance. It is therefore not necessary to limit the 
amount of water used in mixing and compacting such 
materials since water drains out rapidly, making it 
difficult to maintain them in a wet enough condition 
to aid materially in obtaining compaction. The only 
precaution necessary is that softening of the subgrade 
shall not be caused by the excessive use of water. 

11. Compaction should be as complete at the bottom 
of the base course as at the top, particularly with 
plastic materials, since even minor deficiencies in the 
compaction of plastic materials make them susceptible 
to softening and loss of stability when wet. 

12. The tests on the materials of series 1, which con- 
tained from 47 to 53.5 percent of soil mortar, indicated 
that freezing and thawing would be likely to cause 
failure of the borderline material of section 4, the 
plasticity index of which was 11, and that serious 
damage might be done to section 3, with a plasticity 
index of 9, since the one cycle of freezing and thawing 
caused a marked increase in the rate of displacement 
under traffic in this section (see fig. 4). This is a 
further argument for placing a maximum limit on the 
plasticity index for base-course materials. 

13. It might be desirable to promulgate a separate 
specification to cover essentially stone or gravel base- 
course materials having satisfactory gradings but very 
low soil-mortar contents to allow the use of such ma- 
terials without too rigorous limitation of plasticity 
index. The design of such base courses would necessi- 
tate provision for a mixed type of prime using somewhat 
more viscous bituminous materials than are commonly 
used for the ordinary penetration prime treatment. 





THE COVER; PICTURE 


Rounding cut slopes encourages vegetative growth 
and accomplishes the dual purpose of improving road- 
side appearance and preventing erosion along the 
Connecticut highway shown in the cover picture. 
Further flattening and rounding would have been 
desirable, but in this instance were prevented by 
limitations imposed by the right-of-way width. Estab- 
lishing growth of native plants on cut slopes serves 
to reduce erosion and consequent clogging of drainage 
ditches, thereby reducing highway maintenance costs. 
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be purchased from the Superintendent of Documents. 


MISCELLANEOUS PUBLICATIONS 
No. 296MP... . Bibliography on Highway Safety. 


SEPARATE REPRINT FROM THE YEARBOOK 


No. 1036Y..Road Work on Farm Outlets Needs Skill and 
Right Equipment. 


TRANSPORTATION SURVEY REPORTS 
Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 


Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 


Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 


Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 


Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 


Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 


UNIFORM VEHICLE CODE 
Act J[.—Uniform Motor Vehicle Administration, Registra- 
tion, Certificate of Title, and Antitheft Act. 


Act II.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 


Act IIJ.—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 
Act V.—Uniform Act Regulating Traffic on Highways. 
Model Traffic Ordinances. 





A complete list of the publications of the Bureau of Public 
Roads, classified according to subject and including the more 
important articles in Pustic Roaps, may be obtained upon 
request addressed to the U. S. Bureau of Public Roads, Willard 
Building, Washington, D. C. 
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